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Abstract The RGL protein, a homolog of the Ral GDP
dissociation stimulator (RalGDS), has been identified as a
downstream effector of Ras. In the present study, the solution
structure of the Ras-binding domain of RGL (RGL-RBD) was
determined by NMR spectroscopy. The overall fold of RGL-
RBD consists of a five-stranded L-sheet and two K-helices, which
is the same topology as that of RalGDS-RBD. The backbone
chemical shift perturbation of RGL-RBD upon interaction with
the GTP analog-bound Ras was also examined. The solution
structure of RGL-RBD, especially around some of the Ras-
interacting residues, is appreciably different from that of
RalGDS-RBD.
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1. Introduction
The Ras protein is a small GTP-binding protein that regu-
lates cellular events such as proliferation and terminal di¡er-
entiation [1]. In the GTP-bound state, Ras interacts with its
downstream targets, which communicate with their partners
located further downstream in the signaling pathways. The
Raf kinase is one of these downstream targets of Ras [2^7],
and the structure of the Ras-binding domain (RBD) has been
determined [8,9]. Another group of Ras targets includes the
GDP dissociation stimulators (GDS) for Ral, such as
RalGDS [10] and RGL [11], and constitutes a large family
[12]. Although there is no apparent sequence homology be-
tween Raf-RBD and RalGDS-RBD, they bind to the same
region (the e¡ector region) of Ras [10]. The structures of
RalGDS-RBD have been determined [13,14], and it has
been demonstrated that the overall fold of the RalGDS-
RBD is similar to that of Raf-RBD. Thus, the RalGDS-
RBD structure is classi¢ed within the ubiquitin superfold fam-
ily [15], which also includes the Raf-RBD structure [8]. The
largest structural di¡erences between the Ras-free forms of
Raf-RBD and RalGDS-RBD were found in the loop regions,
the L1/L2 loop, the K1/L3 loop, and the K2/L5 loop [13,14].
The structures of the complex of Raf-RBD with a Ras
homolog (the wild type and the E30D/K31E mutant of
Rap1A) in the GMPPNP (an unhydrolyzable GTP analog)-
bound form [9,16] and the complex of RalGDS-RBD with the
GMPPNP-bound Ras (the E31K mutant) have been reported
[17]. At the secondary structure level, the intermolecular
interaction in the Raf-RBDcRap1A(E30D/K31E)cGMPPNP
complex is similar to that in the RalGDS-RBDcRas-
(E31K)cGMPPNP complex; the L-sheets of the two interact-
ing molecules form one continuous, extended L-sheet. In ad-
dition, the overall structures of Ras in the two RBD com-
plexes are similar to each other and to that of the free
RascGMPPNP [18]. However, there are signi¢cant di¡erences
between the two complexes at the tertiary structural level :
(i) the relative orientation of RBD with respect to Ras/
Rap1A is di¡erent, (ii) the electrostatic charge distribution
at the interfaces is di¡erent, and (iii) the speci¢c side-chain
interactions are also di¡erent. These characteristics account
for the di¡erent Ras/Rap1A-binding properties of Raf-RBD
and RalGDS-RBD. For example, within Raf-RBDcRap1-
A(E30D/K31E)cGMPPNP complex, Glu-31 of Rap1A-
(E30D/K31E) interacts with Arg-84 of Raf-RBD, located at
the center of the K2 helix, while in the RalGDS-RBDcRas-
(E31K)cGMPPNP complex, Lys-31 of Ras(E31K) interacts
with Asp-815, Asn-818, and Asp-820 of RalGDS-RBD, lo-
cated at the C-terminal end of the K2 helix and the K2/L3
loop. Consistently, Raf and Ral GDS have di¡erent a⁄nities
for Ras and Rap1A; the a⁄nity of Raf-RBD for Ras is high-
er than that for Rap1A, whereas the a⁄nity of RalGDS-RBD
for Rap1A is higher than that for Ras [16,19].
RGL was initially identi¢ed as a target protein of Ras [11],
and was found to interact with Ras in its C-terminal segment
(residues 632^734; RGL-RBD) [20]. The residues of RalGDS-
RBD that were found to interact with Ras [17] are not com-
pletely conserved in RGL-RBD, although the two RBDs have
rather high overall sequence homology. In the present study,
we determined the solution structure of RGL-RBD and iden-
ti¢ed its Ras-interacting residues by assigning the backbone
signals in the complex with Ras.
2. Materials and methods
2.1. Sample preparation
The mouse RGL-RBD (residues 632^734) was expressed as a glu-
tathione S-transferase (GST) fusion protein [20]. The unlabeled pro-
tein was obtained by culture of Escherichia coli BL21 cells in M9
minimal medium supplemented with MgSO4 (3 mM), CaCl2 (150
WM), trace element solution [ZnSO4 (4 WM), MnSO4 (1 WM), H3BO3
(4.7 WM), CuSO4 (0.7 WM), CaCl2 (2.5 WM), and FeCl3 (1.8 WM)] [21],
and ampicillin (0.05 mg/ml). The uniformly 15N- or 13C/15N-labeled
proteins were produced in a similar manner, except for the use of
15NH4Cl (1 g/l, Isotec) as the sole nitrogen source and/or [13C6]D-
glucose (2 g/l, Isotec) as the sole carbon source. To prepare the
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V50% randomly deuterated and uniformly 13C/15N-labeled protein,
the cell was adapted to growth in 2H2O as reported previously [22]
and was grown in a similar manner, except that M9 medium (60%
2H2O/40% 1H2O) was used instead. Harvested cells were suspended in
50 mM Tris-HCl bu¡er (pH 7.5) containing 5 mM dithiothreitol
(DTT) and 2% Triton X-100, and were disrupted by sonication. After
centrifugation, the supernatant was loaded onto a glutathione-Sephar-
ose 4B column (Pharmacia Biotech) equilibrated with 50 mM Tris-
HCl bu¡er (pH 7.5) containing 5 mM DTT. The bound GSTcRGL-
RBD fusion protein was eluted with 50 mM Tris-HCl bu¡er (pH 8.0)
containing 10 mM glutathione, and then was dialyzed against Tris-
HCl bu¡er (pH 8.0). The fusion protein was cleaved with thrombin
(Sigma) for 5 h at 25‡C, and then was applied to a DEAE Sephacel
column (Pharmacia Biotech) equilibrated with 50 mM Tris-HCl bu¡er
(pH 7.5) containing 2 mM DTT and 1 mM PMSF. The RGL-RBD
was eluted with an NaCl gradient (0^350 mM). The puri¢ed RGL-
RBD was veri¢ed by SDS-PAGE, mass spectrometry, and N-terminal
sequencing.
For the RGL-RBDcRas complex, we used truncated forms of the
wild type and the mutant (D30E/E31K) of the human Ha-Ras protein
consisting of residues 1^171. The puri¢cation of the Ras samples was
achieved as described previously [23^25]. A GTP analog, guanosine
5P-O-(L,Q-imidotriphosphate) (GMPPNP), which is much more slowly
hydrolyzed than GTP in the complex with Ras, was used in order to
maintain the active GTP-bound form during the NMR measurements.
Exchange of the Ras-bound guanine nucleotide was performed as
described previously [26].
The bu¡er for the RGL-RBD solution (1.5 mM) was ¢nally ex-
changed for 90% 1H2O/10% 2H2O NMR bu¡er containing 50 mM
Tris-HCl (pH 7.5), 5 mM DTT, and 200 mM NaCl, using a Centri-
con-3 concentrator (Amicon). The titration experiment was performed
using 15N-labeled RGL-RBD and unlabeled Ras (wild
type)cGMPPNP or Ras(D30E/E31K)cGMPPNP (RGL-RBD: Ras
molar ratios of 1:0.5, 1:1, 1:1.5, and 1:2) in 90% 1H2O/10% 2H2O
NMR bu¡er containing 50 mM Tris-HCl (pH 7.5), 5 mM DTT, 10
mM MgCl2, and 200 mM NaCl. As the sample for the RGL-
RBDcRas complex analysis, 1.0 mM of the V50% 2H/13C/15N
RGL-RBD was used to lengthen the transverse relaxation times of
the 1HN and 13C nuclei and to increase the sensitivity in the triple
resonance experiments [27,28]. This sample was mixed with the
Ras(D30E/E31K)cGMPPNP at a 1:2 molar ratio in 90% 1H2O/10%
2H2O NMR bu¡er containing 50 mM Tris-HCl (pH 7.5), 5 mM DTT,
10 mM MgCl2, and 200 mM NaCl.
2.2. NMR spectroscopy and structure determination
All NMR experiments were performed at 25‡C on a Bruker
AMX600 or DMX500 spectrometer equipped with a pulsed ¢eld gra-
dient unit. All of the experiments detecting amide proton signals used
the water £ip-back pulses [29], because the samples were under neutral
pH conditions. This allowed us to identify the slowly exchanging
amide protons from the nuclear Overhauser e¡ects (NOEs) between
the amide protons and waters. The indirect dimensions of the 3D
spectra were processed with a two-dimensional maximum entropy
algorithm [30] using Azara software (Wayne Boucher, unpublished).
The spectra were analyzed with the FELIX software (MSI) in combi-
nation with in-house macro programs (T. Terada, unpublished). The
backbone 1H, 13C, and 15N resonances of the free form of RGL-RBD
were assigned using the uniformly 13C/15N-labeled sample from a
series of 3D experiments (HNCA [31], HN(CO)CA [32], HNCACB
[33], and 3D CBCA(CO)NH [34]). The side chain resonance assign-
ments, including the stereospeci¢c assignments and 23 M1 angle re-
straints of the L-methylene groups and the valine methyl groups,
were obtained from the 3D 15N-edited TOCSY (mixing time of 45
ms) [35], HNHB [36], and HCCH-TOCSY (mixing time of 16 ms) [37]
spectra. A total of 1253 distance restraints, obtained from the 15N-
edited NOESY (mixing time of 120 ms) [35] and 13C-edited NOESY
(mixing time of 120 ms) [38] spectra, were given upper bounds of 2.8,
3.4, 4.6, and 5.8 Aî (2.9, 3.6, 4.6, and 5.8 Aî for NOEs involving NH
protons) based on the NOE intensities. The 42 hydrogen bond re-
straints within the secondary structure elements, obtained from an
analysis of the slowly exchanging amide protons, and 31 P angle
restraints obtained from the chemical shift index analysis [39], were
also employed. The structure calculations were carried out using the
simulated annealing protocol [40] with X-PLOR 3.1 [41] on Indigo2 or
O2 workstations (Silicon Graphics). The backbone 1H, 13C, and 15N
resonances of the RGL-RBD complexed with Ras(D30E/
E31K)cGMPPNP were assigned from deuterium-decoupled 3D experi-
ments (HNCA [42] and HN(CO)CA [43]) using the V50% 2H/13C/
15N-labeled RGL-RBD. Structure ¢gures were generated using the
programs Molscript [44] and MOLMOL [45].
3. Results and discussion
3.1. Structure determination
The RGL-RBD sample at a high concentration (s 1.0 mM)
is not stable under conditions below pH 6.5 or 150 mM NaCl,
in our experience. Therefore, all of the NMR experiments
were performed under neutral pH (pH 7.5) and relatively
high ionic strength conditions (200 mM NaCl). Sequence-spe-
ci¢c assignments of the 1HN, 15N, 13CK, 1HK, 13CL, and 1HL
resonances of the non-proline residues were obtained, except
for Ser-632, Ser-635, Asn-643, Asn-659, and Asn-660. No
backbone resonances of these residues were observed in any
experiment used in this study to detect amide proton signals
(see Section 2). These residues are located in the N-terminal
region or the L1/L2 loop. The lack of signals from these res-
idues was due to exchange broadening under neutral pH con-
ditions.
As the ¢rst step of the structure determination, the secon-
dary structure of RGL-RBD was determined on the basis of
the NOE data involving the backbone protons and the slow
exchange properties of the hydrogen-bonded amide protons
identi¢ed from the NOE data to/from water (Fig. 1). This
was further con¢rmed by the chemical shift index analysis
[39]. The N-terminal region (residues 632^646) appears to be
highly £exible, as only a small number of inter-residue NOEs
could be detected. Then, the structure calculations were per-
formed for residues 647^734. The structure of RGL-RBD was
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Table 1
Structural statistics
Selected
structuresa
Minimized averaged
structureb
X-PLOR energies
(kcal/mol)
Etotal 194 þ 2 193
Ebond 7.79 þ 0.40 8.20
Eangle 120 þ 2 121
Eimproper 17.3 þ 0.6 18.1
Evdw 25.4 þ 1.0 22.2
Enoe 24.2 þ 1.7 24.3
Ecdih 0.14 þ 0.13 0.01
El-j 3102 þ 33 361
Rms deviations from
idealized geometry
bonds (Aî ) 0.002 þ 0.000 0.002
angles (‡) 0.56 þ 0.005 0.56
impropers (‡) 0.40 þ 0.007 0.41
Rms deviations from
experimental restraints
distance (Aî ) 0.019 þ 0.001 0.019
dihedral (‡) 0.18 þ 0.09 0.06
Rms deviations from
the mean structure
backbone all heavy
All residues 1.06 þ 0.13 1.59 þ 0.15
Secondary structure
elements except for the K2
0.60 þ 0.17 1.18 þ 0.20
aFinal 20 simulated annealing structures.
bThe structure obtained by restrained regularization of the mean
structure calculated by averaging the coordinates of the 20 individual
SA structures.
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determined from a total of 1349 experimental restraints (see
Section 2). The structural statistics for the ¢nal simulated
annealing structures are summarized in Table 1. Fig. 2a shows
20 backbone structures, which were aligned by superimposing
the backbone atoms (N, CK, and CP) of the secondary struc-
ture elements. A ribbon representation of the tertiary struc-
ture of RGL-RBD is shown in Fig. 2b. The structure of RGL-
RBD consists of ¢ve L-strands, one long K-helix, and an addi-
tional one-turn helix, arranged as L-L-K-L-L-K-L. The L1/L2
loop and the region around the K2 helix are not well de¢ned
as compared with the other regions of the molecule, because
only a few long-range NOEs were observed for these regions.
The ensemble of structures will be deposited in the Brook-
haven Protein Data Bank. The average rms deviation for
the backbone atoms was 1.06 þ 0.13 Aî for all regions, and
0.60 þ 0.17 Aî for the secondary structure elements, except
for the K2 helix. The hydrophobic core is formed by residues
Ile-652, Ile-654, Val-656, Ile-667, Pro-676, Val-678, Ile-679,
Ala-682, Met-683, Leu-688, Pro-692, Leu-698, Ile-702, Leu-
708, Pro-711, Phe-717, Phe-726, Phe-728, and Leu-730.
Many of these residues, which exist either on the L-strands
(L1^L5) or on/around the K1 helix, anchor the K1 helix onto
the L-sheet. In addition, many of these hydrophobic residues
are well conserved among the RBDs of the RalGDS family
[12], indicating that the hydrophobic interactions between
these residues are important for the proper folding of these
domains.
3.2. Comparison with other RBDs
As expected from the high sequence similarity, the overall
fold of RGL-RBD is similar to that of RalGDS-RBD [13,14]
(Fig. 2), except for the short 310 helix identi¢ed by the X-ray
crystallography study [14], being classi¢ed in the ubiquitin
superfold family [15]. When compared in detail with the
free-form RalGDS-RBD structure, large di¡erences are found
for residues 667^674 and 702^725, resulting in a weaker twist
of the L-sheet of RGL-RBD than that of RalGDS-RBD (Fig.
2b,c). There are also large di¡erences in the connecting loop
structures involving residues 657^664 and 686^696. These dif-
ferences are because the amino acid sequences in these regions
are less homologous between RGL-RBD and RalGDS-RBD
than in the other regions (Fig. 2d).
In the RalGDS-RBD structure determined by X-ray crys-
tallography [14], RBD forms a homodimer by an intermo-
lecular disul¢de bond and the intermolecular anti-parallel
L-sheet. As a result, the L1 and L2 strands are more extended
than those in the RGL-RBD structure determined in this
study and the RalGDS-RBD structure determined by NMR
spectroscopy [13] (Fig. 2d). RGL-RBD is not stable in a low
ionic strength solution, as noted above, and removal of the
N-terminal unstructured part of the RalGDS-RBD protein
improved the stability [13]. These ¢ndings suggest that
RGL-RBD and RalGDS-RBD interact with each other,
probably electrostatically, through the N-terminal unstruc-
tured part and form a homodimer.
3.3. Interaction of RGL-RBD with RascGMPPNP
First, we monitored the chemical shift change and the line
broadening of the 1H-15N HSQC cross peaks of the 15N-la-
beled RGL RBD during the titration with unlabeled
Ras(wt)cGMPPNP. At the 0.5:1 molar ratio, a set of broader
cross peaks appeared in addition to the sharper cross peaks
due to the free form of RGL-RBD. At the 2:1 molar ratio,
some of the cross peaks of the free form became weak,
although none disappeared. This result indicates that the in-
teraction between RGL-RBD and RascGMPPNP occurs by
slow exchange on the NMR time scale, as shown in the case
of the Raf-RBD and Ras interaction (T. Terada, unpub-
lished). The titration experiment with the Rap1A-type mutant
Ras(D30E/E31K)cGMPPNP was also examined, because
RGL-RBD, as well as RalGDS-RBD [16,46,47], binds
more tightly with Ras(E31K)cGMPPNP or Ras(D30E/
E31K)cGMPPNP than with Ras(wt)cGMPPNP (M. Shirouzu,
unpublished). In this case, a set of broader cross peaks
also appeared at the 0.5:1 molar ratio. At the 2:1 molar
ratio, some of the cross peaks of the free form disappear-
ed. The broader cross peaks that appeared in the titra-
tion with Ras(D30E/E31K)cGMPPNP coincide with those
of the Ras(wt)cGMPPNP complex. Thus, Ras(D30E/
E31K)cGMPPNP was used for further analysis of the com-
plexed state of RGL-RBD.
For the backbone resonance assignment of the com-
plexed state of RGL RBD, randomly fractional deuterated
(V50%) RGL-RBD was mixed with unlabeled Ras(D30E/
E31K)cGMPPNP at a 1:2 molar ratio. The 1HN, 15N, and
13CK resonances of RGL-RBD were sequence-speci¢cally as-
signed for the non-Pro residues, except for residues 658^660,
and 730. The chemical shift change v for each residue was
calculated as the average of the chemical shift changes in Hz
units observed at 14.1 T (the 1H frequency is 600 MHz) of
1HN and 15N: [(1/2){N(1HN)2+N(15N)2}1=2], where N(x) is the
chemical shift di¡erence in Hz for resonance nucleus x be-
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Fig. 1. Summary of the short- and medium-range NOEs, slow ex-
change amide protons, and 13CK and 13CL secondary shifts (v13CK
and v13CL) for residues 647^734. NOE connectivities are marked
by closed bars and solid lines. Filled circles indicate residues with
slowly exchanging amide protons. Secondary structure elements are
also shown.
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tween the free and the complexed states. On average, the
chemical shift changes were relatively larger than in the case
of Raf-RBD binding with Ras (T. Terada, unpublished).
Large changes (vv 120 Hz) were observed for residues Arg-
653, Ile-654, Tyr-664, Lys-665, Ile-667, Met-668, Ile-679, and
His-686, and relatively large changes (40 Hz9v6 120 Hz)
occurred for a broad range of residues (Fig. 3a,b).
As reported for the RalGDS-RBDcRas complex structure
[17], RalGDS-RBD interacts with Ras mainly by forming an
intermolecular L-sheet through its L2 with the L2 of Ras,
which includes the e¡ector (switch I) region (residues 32^
40). There are also electrostatic interactions with the e¡ector
region of Ras, indicating that the interaction interface of
RalGDS-RBD for Ras is formed by L1, L2, the C-terminal
part of K1, and the N-terminal part of the K1/L3 loop. In this
study, chemical shift changes upon binding with Ras were
found in the corresponding region of RGL-RBD, as noted
above. Thus, the Ras-binding interface of RGL-RBD is
formed by the same region as that of RalGDS-RBD. In ad-
dition to the residues on this interaction interface, changes
were also observed for the hydrophobic core-forming residues
and its neighbors of RGL-RBD, indicating that conforma-
tional changes occur not only on the interaction interface
but also on the hydrophobic core of the molecule. This phe-
nomenon was also found in the case of complex formation of
Ras with Raf-RBD (T. Terada, unpublished) and RasGDS-
RBD [13].
A hydrogen bond between the side chain guanido group of
Arg-811 and the main chain carbonyl group of Asp-822 is
found on RalGDS-RBD in the complex form, but not in
the free form (Fig. 4b,c). By this hydrogen bond formation,
Asn-818 and Asp-820 on the K1/L3 loop are pulled near Asp-
815 on the K1 helix, and then, the binding site for residue 31
of Ras is formed. In the RGL-RBD case, Glu-689 (the coun-
terpart of Asp-820 of RalGDS-RBD) is much farther away
from Gln-680 (the counterpart of Arg-811 of RalGDS-RBD)
(Fig. 4a). Thus, the binding site for residue 31 of Ras may be
formed by Ser-684 and Asn-687, resulting in a weaker inter-
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Fig. 2. a: Superposition of the ensemble of the ¢nal 20 simulated annealing structures of RGL-RBD. b: Ribbon representation of the mini-
mized averaged structure of RGL-RBD. c: Ribbon representation of RalGDS-RBD (PDB accession code; 1LXD). d: Sequence alignment of
RGL-RBD (mouse) and RalGDS-RBD (rat). Secondary structure elements for RGL-RBD and RalGDS-RBD [14] are shown above and below
the sequences, respectively.
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action between residue 31 of Ras and RGL. This accounts for
the result that the E31K mutation of Ras increases the a⁄nity
more for RalGDS-RBD than for RGL-RBD (M. Shirouzu,
unpublished).
In conclusion, the present study has revealed an appreciable
di¡erence in the functional structures for the Ras/Rap1A in-
teraction, between the homologous pair of RalGDS-RBD and
RGL-RBD. In other words, although the folds of both
RalGDS-RBD and RGL-RBD belong to the same ubiquitin
superfold family, their Ras/Rap1A interaction interfaces are
di¡erentially ¢ne-tuned at the tertiary structure level. This is
certainly due to the small number of amino acid replacements
in the highly homologous sequences. On the basis of the £ex-
ibility and tunability of the ubiquitin-like fold, we propose
that many homologs belonging to this superfold family [12]
are likely to have di¡erentiated in similar sophisticated man-
ners at the tertiary structure level, for their distinct and spe-
ci¢c roles in cells.
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